Electrical initialization and manipulation of electron spins 
in an L-shaped strained n-InGaAs channel 
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An L-shaped strained n-InGaAs channel is used to polarize and subsequently rotate electron 
spins solely by means of electric fields. Precession of electrically-excited spins in the absence of 
applied magnetic fields is directly observed by Kerr rotation microscopy. In addition, in-plane and 
out-of-plane components of the spin polarization in the channel are simultaneously imaged. 
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Spin-orbit effects offer a unique direction for the de- 
velopment of spintronicsAAi by allowing spin-dependent 
interactions that require neither magnetic fields nor mag- 
netic materials. A number of proposals take advantage of 
the spin-orbit interaction in semiconductors to construct 
spintronic devices from nonmagnetic materials, 4 - 5 - 6 - 7 - 8 
and recent experiments have demonstrated various man- 
ifestations of the spin-orbit interaction in semiconduc- 
tor systems. It has been shown that an effective in- 
ternal magnetic field Bi nt , which is proportional to the 
drift velocity of electrons, exists in strained n-type GaAs 
and InGaAs, enabling coherent manipulation of elec- 
tron spins without magnetic fields. 9 Current-induced 
spin polarization (CISP^AALAS has been detected in 
these systems^ and in a two-dimensional hole gas at a 
GaAs/AlGaAs heteroj unction, 14 demonstrating the fea- 
sibility of all-electrical spin initialization. The spin Hall 
effect 15,16 is another phenomenon originating from the 
spin-orbit interaction and has been observed in n-type 
unstrained GaAs and strained InGaAs, 17 as well as in a 
two-dimensional hole gas^& 

Here we show that it is possible to combine CISP and 
Bi n t in strained semiconductors to polarize and subse- 
quently rotate electron spins using electric fields alone, 
without an applied magnetic field. A Kerr microscope 
images the steady-state spin polarization in an L-shaped 
channel of strained InGaAs in which the spins orient in 
one arm and precess in the other arm. 

Samples are fabricated from a wafer grown by molec- 
ular beam epitaxy on a semi-insulating (001) GaAs sub- 
strate (wafer "E" as described in previous work a 9 i 13 i 17 ), 
which consists of 500-nm thick n-Ino.07Gao.93As (Si- 
doped for n = 3 x 10 16 cm -3 to achieve long spin 
lifetimes 19,20 ) capped with 100 nm of undoped GaAs. 
The InGaAs layer shows anisotropic strain relaxation 21 
but residual strain is present as determined by X-ray 
diffraction at room temperature. Standard photolithog- 
raphy is employed to define an L-shaped InGaAs channel 
consisting of two arms, each with a width of 18 /im and a 
length of 200 /im, connecting at a right angle [Fig.EJa)]. 
The top 0.7 /im of the sample is chemically etched to 
form the mesa, and the two ends of the L-shaped chan- 
nel are contacted by annealing the following metal layers, 



Au/Ni/Au/Ge/Ni, listed in order from the surface to the 
substrate. 

We consider the case where an electric field is applied 
such that the electrons flow from the horizontal arm to 
the vertical arm as shown in Fig. ^a). As the electrons 
flow to the — x-direction in the horizontal arm, their spins 
are polarized in the -f ^-direction because of CISP. After 
the electrons make the right angle turn and start flowing 
in the —^/-direction down the vertical arm, the electron 
spins will now see Bi nt in the +x-direction and start to 
precess. This will result in a non-zero component of spin 
polarization in the ^-direction, allowing detection by Kerr 
rotation even at zero external magnetic fields. Previous 
measurements 9,13 on a sample from the same wafer have 
shown anisotropy of CISP and Bi nt for electric field E 
applied along the two crystal axes [110] and [110]. Larger 
CISP has been observed when E || [110], while Bi nt is 
larger for E || [110]. In order to use this anisotropy to 
our advantage, we use the [110] axis for the horizontal 
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FIG. 1: (a) Device schematic showing experiment geometry. 
Gray area is the InGaAs channel. The origin of the coordinate 
system used throughout is denoted by O, and the positions 
Pi through P4 are also indicated. The (x,y) coordinates in 
units of /xm are as follows: Pi (0, -5), P 2 (0, -15), P 3 (0, -25), 
P4 (0, —35). (b) Voltage-induced Kerr rotation as a function 
of Bext for the four positions with E = 15 mV /im -1 . The 
curves are vertically offset for clarity. 
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arm along the x-axis and the [110] axis for the vertical 
arm along the y-ax.is. 

Steady-state spin polarization is probed by a low- 
temperature scanning Kerr microscope in the Voigt 
geometry^iSS The sample is placed in a helium flow cryo- 
stat, and measurements are performed at a temperature 
T = 30 K. A mode-locked Ti:sapphire laser is tuned to a 
wavelength of 873 nm, and a linearly polarized beam with 
an average power of 130 /iW is directed along the z-axis 
(sample growth direction) and focused through an objec- 
tive lens with a numerical aperture of 0.73 and a working 
distance of 4.7 mm. The polarization axis of the reflected 
beam rotates by an amount proportional to the compo- 
nent of net spin polarization along the optical axis (Kerr 
rotation) . A square wave voltage with a frequency Je — 
1.169 kHz is applied to the two contacts and establishes 
an alternating electric field with an average amplitude 
E. Kerr rotation is detected by a balanced photodiode 
bridge using a standard lock-in technique. We note that 
this measurement scheme also detects signal arising from 
electron flow opposite to that drawn in Fig. ^a), since 
the change in the Kerr rotation between positive and neg- 
ative electric fields is measured. 

In Fig. njb), Kerr rotation measurements for scans of 
the external magnetic field B ext applied parallel to the 
x-axis with E = 15 mV /im" 1 is shown for various posi- 
tions on the sample. Although the curves show complex 
behavior, qualitative explanation is possible with a sim- 
ple model. We start by considering the steady-state spin 
polarization prepared in the horizontal channel. As was 
done in previous work^ CISP is modeled as a continuous 
orientation of spins along the ?/-axis. The z-component 
of the steady- state spin polarization vector S (x, y) just 
prior to the right-angle turn is 
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where 7 is the rate of spin orientation onto the ?/-axis, 
r is the inhomogeneous transverse spin lifetime, ujl = 
gfiBB ex t/h is the electron Larmor frequency, So = 7T is 
the steady-state spin polarization achieved at B ext = 0, 
g is the effective electron g-factor, \±b is the Bohr mag- 
neton, and h is the Planck constant. Similarly, the y- 
component of the polarization is 
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which is equivalent to the Hanle curve. 23 

Next, we consider the effect of Bi nt . If we pick a par- 
ticular position on the ?/-axis, all spins will display the 
same precession phase regardless of their drift time since 
Bi n t is proportional to the drift velocity of the electrons. 9 
Then the z-component of spin polarization is 

S z (0,y) = 5 Z (0,0) cos [0(0, 2/)] +5^(0,0)8111 [0(0, 2/)] 
uj l t cos [0 (0, y)} + sin [</> (0, y)} 
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FIG. 2: Kerr rotation as a function of y and B e *t with E — 15 
mV /im -1 at T = 30 K for three line scans parallel to the y- 
axis at (a) x — —6 /xm, (b) x = /xm, and (c) x — +6 /xm. 
In order to improve the visibility of the features, we have 
subtracted the average value from each scan of B eX f (d) Line 
cuts along the y-axis at B ex t = mT from (a), (b), and (c). 



where <j) (x, y) is the phase that is acquired at the position 
(x,y). We expect 0(0,2/) = —/3y/h, where (3 is the spin- 
splitting coefficient defined in the previous workffi and 
this relation gives a spatial period of 2ttH/ 'ft = 37 jam 
for this sample. As (f) increases with more negative y, 
the magnetic field dependence deviates from the anti- 
symmetric curve [Fig. njb), top curve] to the more sym- 
metric curve [Fig. njb), second curve from top]. As the 
distance from the corner increases, such a model becomes 
too simplistic. First, since spins do not orient along the 
+2/-direction after the right-angle turn, the integration 
limits in Eq. QJ and (0) become less accurate approxima- 
tions. Second, the spin diffusion transverse to the electric 
field and the exact trajectory at the corner will affect the 
line shape. We also note that there are further compli- 
cations due to the signal from the electron flow in the 
opposite direction, as mentioned previously. Although 
CISP in the vertical channel has smaller efflcienc}^ and 
would not precess out of plane since it is parallel to B ext , 
such a contribution can appear in the vicinity of the cor- 
ner. 

In Fig.|2fa), (b), and (c), Kerr rotation is plotted as a 
function of y and 5 ext , for x — — 6 /im, x = /im, and 
x = +6 /im, respectively, with E = 15 mV /im -1 . Qual- 
itatively, the effect of Bi nt can be identified in Fig.J^b), 
where the main positive peak at B ext > mT seen at 
y = jam shifts to B ext < mT as y becomes more 
negative. The electrons that have drifted towards [110] 
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FIG. 3: Images of (a) S z , (b) S y , and (c) for an L-shaped 
channel with E — 15 mV /im" 1 . (d) and (e) are S z and S y , 
respectively, as a function of y and E for a line scan parallel 
to the y-axis at x = /im. Images of (f) S z , (g) 5y, and (h) 
R for an L-shaped channel which bends towards [110] with 
E — 15 mV /im -1 . The scale bars are 20 /im and data are 
taken at T = 30 K. (a), (d), and (f) share the color scale for 
Sz', (b), (e), and (g) share the color scale for S y ; (c) and (h) 
share the color scale for R. 



have been affected by Bj nt so that B ext needs to be ap- 
plied opposite to Bi n t to cancel its effect. Line cuts at 
^ext = mT are plotted in Fig. Eld), showing oscilla- 
tions as a function of position as expected from the sim- 
ple sine function obtained by letting uol = in Eq. (|3J). 
This result provides unambiguous evidence that B ext is 
not required for CISP. In the previous work, B ex t was 
used to rotate the polarization in order to allow detec- 
tion by Kerr rotation^ while the data in Fig.EJd) takes 
advantage of Bi nt instead. The oscillation period ranges 
from ~30 to 50 /im for the three line cuts. While these 
values are consistent with the model, the x-dependence 
is currently not understood. In addition to CISP and 
subsequent precession caused by Bi nt , we also see the 
signatures of the spin Hall effect 17 in Fig. EI a) and (c). 
For y < —30 /im and B ext around ±50 mT, positive 
peaks are seen in Fig. Eta) and negative peaks are seen 
in Fig.Et c )- These peaks can also be seen for x = /im 
[Fig. Etb)], although they are much weaker. Such signal 
contribution from the spin Hall effect can explain some 
features in individual B ext scans. For example, the small 
peak at £? ext = 35 mT in the top curve in Fig. [IJb) is 
interpreted as arising from the spin Hall effect when the 
electrons flow from the vertical channel to the horizontal 



channel, since this peak smoothly shifts into one of the 
spin Hall peaks for more negative y as seen in Fig. Etb). 
The spin Hall peak occurring at a smaller B ext can be 
explained by the reduced ^/-component of electron drift 
velocity in the vicinity of the corner. 

The spatial profile of the spin polarization in the L- 
shaped channel for £? ext ~ mT can be mapped out 
with a technique previously used to image the spin Hall 
effect 17 . Here, B ext is sinusoidally modulated at fs = 3.3 
Hz with amplitude of 30 mT, and the signal is detected 
at /e^Ib and /s±2/b. The former will be proportional 
to the first derivative of Eq. Q with respect to uol and 
corresponds to S y at B ext = 0, while the latter is propor- 
tional to the second derivative which corresponds to S z . 
We show S z and S y for E = 15 mV /im -1 in Fig. Eta) 
and (b), respectively, and the reflectivity R is plotted in 
Fig. Et c )- The oscillations are clearly resolved, with S z 
and S y being out-of-phase by ir/2 as expected. The dif- 
ference in oscillation period for different x is reproduced 
in these images. The contributions from the spin Hall 
effect do not appear in these images since Bi nt acts to 
depolarize spin polarization due to the spin Hall effect 
when B ext = mTi 7 - 

The electric field dependence of the oscillation is in- 
vestigated by measuring line scans along the y-axis at 
x = /im. In Fig. Etd) and (e), S z and S y are plotted, 
respectively, as a function of y and E. The average elec- 
tron velocity increases with increasing E, but the period 
of oscillations should not change because of the linear re- 
lation between Bi nt and drift velocity. There is no drastic 
change with E as expected, but for small values of E, the 
oscillation period slightly increases. This may be due to 
diffusion of spins transverse to E playing a more impor- 
tant role for small values of E, as the above argument 
only holds for one-dimensional transport of spins. 

Finally, we have also fabricated another sample on the 
same chip, with the vertical channel pointing to [110] 
(+2/-direction) instead of [110] (—^-direction). The im- 
ages for this sample are shown in Fig. EtO? (s) and (h), 
and show similar behavior for S y while the sign of the 
signal is inverted for S z . This result is expected as Bi nt 
changes sign when the electrons flow direction is changed 
from [110] to [110], and this demonstrates the flexibility 
to control Bi nt through the shape of the channel. By 
combining channels with appropriate topology to utilize 
Bi n t from different crystal axes, more complicated ma- 
nipulation of spin states should be possible. 

We thank S. A. Wolf for helpful suggestions and ac- 
knowledge support from DARPA, DMEA, NSF, and 
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